Abstract: Poplar is one of the suitable candidates for phytoremediation due to extensive root system, fast growth rate, easy propagation and high biomass production. Zinc (Zn) is an essential element, but at high concentration becomes toxic to plants, similarly like cadmium (Cd). In order to evaluate the effect of Zn on root tissue development we conducted experiments with poplar (Populus ×euramericana clone I-214) grown in hydroponics. Plants were treated with low (control) and excess level of Zn (1 mM). Changes in the development of apoplasmic barriers -Casparian bands and suberin lamellae in endodermis, as well as lignification of xylem vessels have been investigated. We found that both apoplasmic barriers developed closer to the root apex in higher Zn-treated root when compared with control root. Similar changes were observed in lignification of xylem vessels. For localization of Zn within root tissues, cryo-SEM/EDXMA analyses were used. Most of Zn was localized in the cortical tissues and four-time less Zn was determined in the inner part of the root below the endodermis. This indicates that endodermis serves as efficient barrier of apoplasmic Zn transport across the poplar root.
Introduction
Industrialization, mining and other human activities are responsible for contamination of environment. Heavy metals, toxic elements, radionuclides and organic pollutants are serious contaminants to the environment and harmful to human health. Many strategies have been tested to decrease the negative impact of soil metal contamination. One of these strategies is phytoremediation (Chaney et al. 2007) . Phytoremediation is an effective, non-intrusive and inexpensive technology that uses plants for remediation of soil, sediments, surface water and ground water (Pradhan et al. 1998; Wiltse at al. 1998) . In this process plants with hyperaccumulation potential are used. They are able to take up higher amount of pollutants into their aboveground than belowground tissues. However, their growth is usually limited; therefore plants with rapid and higher biomass production, especially fast growing trees like poplars or willows might be a good alternative. Another advantage of these species might be the production of economically valuable non-food biomass usable in energy production Tognetti et al. 2004) .
The main function of roots is the uptake of water and nutrients and their transport to aboveground tissues (Marschner 1995) . The root system is in direct contact with the soil environment, so it must be able to exclude and/or counteract potentially harmful substances. Ions have to pass through several layers. In general, soil-root interface is formed by the rhizodermis (root epidermis), which produces the root hairs. This is the zone with the highest absorption activity. Under the rhizodermis might be a hypodermis or exodermis. Cortex is separated from the central cylinder by the endodermis characterized by the development of specific wall modifications called apoplasmic barriers. It may develop in three stages. The first is primary endodermis with Casparian bands formed around the vascular cylinder and situated in the radial and transversal endodermal cell walls. Later, on the inner surface of endodermal cell walls suberin is deposited. It protects the plants from uncontrolled input of solutes, and the function of endodermis as an apoplasmic barrier is increased. Finally, the secondary (tertiary) thickening of endodermis might occur (Esau 1965; von Guttenberg 1968; Schreiber 2010; Lux et al. 2011) .
Zinc is an essential micronutrient for plants and co-factor of many enzymes, but at high concentrations this element becomes toxic to plants (Broadley et al. 2007) . Previous studies on different poplar species with high biomass production, including Populus × euramericana clone I-214, have shown to accumulate elevated concentrations of Zn in their below-as well as aboveground tissues when were grown in medium containing
elevated Zn (Di Baccio et al. 2003; Sebastiani et al. 2004) . Also several structural modifications of leaf tissues have been observed when this poplar clone was subjected to Zn excess (Di Baccio et al. 2009 , 2010 . However less is known about the influence of Zn on poplar roots. Therefore the aim of our study was to describe the effect of Zn on the development of poplar root tissues in relation with the metal accumulation using a model system of P. × euramericana clone I-214.
Material and methods
Cultivation of the plant material Woody cuttings of hybrid poplar clone I-214 Populus deltoides × Populus nigra (P. × euramericana (Dode) Guinier) were provided by the company Alasia Franco Vivai, Savigliano (CN) -Italy. The cuttings (diameter: 1.6 ± 0.04 cm; length: 23.0 ± 0.1 cm) were planted in mould in a nursery bed; and in spring, 13 uniformly sized homogenously rooted cuttings were selected. After the roots were carefully washed with deionized water, rooted cuttings were transplanted to plastic pots containing Agrileca clay (grains with 3÷8 mm diameter, Laterlite, Milano, Italy), and were cultivated in a controlled climate chamber in a hydroponic system. Plants were randomly assigned to treatments and a modified full strength Hoagland's nutrient solution (renewed every three days) was applied at pH 6.2 (Di Baccio et al. 2009 ). The iron was supplied as Fe-tartrate because unlike Fe-EDTA is a natural salt and it can not be combined with or chelate other trace elements as Zn present in the nutrient solution. Nutrient solution aeration (250 L h −1 ) was provided by aquarium pumps and the growth chamber conditions were set as follows: 23-18
• C day-night temperature, 65-70% relative humidity and a photoperiod of 16 h light/8 h dark at a maximum photon flux density of 400 µmol m −2 s −1 (photosynthetically active radiation) supplied by fluorescent lights. After 1 week of acclimation to hydroponic conditions, each plant was maintained by a unique stem; immediately before the Zn treatments, three plants were used to determine the initial (t0, time zero) dry weight (DW) partitioning.
The 10 remaining plants were subjected to the following two Zn treatments: (1) basic Hoagland's solution containing 1 µM Zn (corresponding to 0.065 ppm, i.e. the control), 5 plants; (2) basic Hoagland's solution containing 1 mM Zn (65 ppm), 5 plants. Zinc was supplied as zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and for nutrient solution preparations, precautions were taken to avoid the use of salts containing Zn as contaminant. The nutrient solution enriched in Zn was distributed to the plants appropriately balanced than that of control regarding the content of nitrogen. The plants were subjected to the Zn treatments for 20 days under the nutritional and environmental conditions described.
Zinc analysis in roots
For each Zn treatment dry root samples (n = 5) were ground to a powder in an analytical mill (IKA-Werke GmbH & Co. KG, Staufen, Germany). Aliquots (0.25-0.50 g) were used for residual water determination at 105
• C. Quantifications of Zn were determined after digestion in concentrated nitric acid (HNO3) by atomic absorption spectrophotometry (model 373; PerkinElmer, Norwalk, CT, USA), as previously described (Di Baccio et al. 2003) . Chemical analyses were validated by blanks and reference materials. The total Zn content in root was calculated by multiplying the Zn concentrations by the corresponding root dry weights.
Zn localisation in fine root cells by cryo-SEM and energydispersive X-ray microanalysis (EDXMA)
In order to estimate the distribution of Zn within the fine roots, 4 mm long segments of fresh fine root of 1 mM Zn treatment were collected from three plants, immediately plunged in liquid N2, and then stored until observation. Frozen-hydrated (FH) samples were moved to a cryopreparation chamber (SCU 020, Bal-Tech, Liechtenstein), freeze-fractured by a motor-driven fracturing microtome at -120
• C, surface etched for 2 min at -80
• C, and sputtercoated with 10 nm of platinum (Di Baccio et al. 2009) . FH specimens were then transferred to a cryostage (-180
• C) inside the scanning electron microscope (SEM 515, Philips, The Netherlands).
EDXMA was performed in the cryo-SEM using an acceleration voltage of 17 kV, a take-off angle of 16.5
• , and a working distance (sample to final lens) of 12 mm. Spectra from 0 to 20 keV were collected at increments of 10 eV per channel with the electron beam focused on a spot area in the centre of selected cells. Background and element-specific peak spectra were analyzed using the EDAX DX-4 software (EDAX, San Francisco, USA), which fully deconvolutes the spectra and corrects for interference between elements. Results are presented as peak/background ratios percentage for Zn. X-ray net counts from the various cell compartments (epidermis, cortex cell and central cylinder) of at least 3 fine root samples for plants were recorded. Values are presented as peak to background means ± standard deviation of three measurements per cell compartment.
Anatomical observations
Hand sections of roots were prepared at periodic intervals from the root apex to the base. For visualization of Casparian bands in fluorescence microscopy, free hand sections of adventitious roots were stained by 0.1% solution of berberine hemisulphate dissolved in lactic acid and post-stained by aniline blue. Suberin lamellae were stained by 0.01% fluorol yellow 088 dissolved in lactic acid for 30 min and washed in distilled water (Lux et al. 2005 ). In the end, each sample was placed into a drop of 0.1% FeCl3 dissolved in 50% glycerin prior to observation (Brundrett et al. 1988) . For the analysis of the changes in the lignification of xylem vessels caused by Zn, staining of free hand cross sections of roots with phloroglucinol and hydrochloric acid was performed.
The sections were observed under a Zeiss Axioskop 2 plus epifluorescence microscope (Jena, Germany) and documented by an Olympus DP 72 digital camera.
Statistical analysis
The experiment was set up in a completely randomized block design with five replicate plants (n = 5) for each treatment. A one-way analysis of variance was applied in order to evaluate the effects of the two Zn concentrations using the CoStat software (version 6.203, Cohort Software, Monterey, CA, USA).
Results
Zinc concentration in roots and localization in fine root tissues The Zn content in roots was dramatically increased by the 1 mM Zn treatment (Table 1) . With the aim of investigating the distribution of Zn across the root, EDXMA analyses of different parts of roots have been performed. We found that most of Zn was localized in Table 1 . Zinc content in the roots of P. × euramericana clone I-214 grown in a hydroponic system with Zn 1 µM (control) and Zn 1 mM (zinc) for 3 weeks. Values are means ± SE of five (n = 5) independent samples. Results of one-way ANOVA are shown.
Parameter
Zn 1 µM (control) Zn 1 mM (zinc) P-value Zn content (mg) 0.025±0.01 3.630±0.58 0.032 the peripheral tissues of roots (cortex), especially in rhizodermis and cortical tissues (Table 2, Figs 1a,b) . Oppositely, decreased amount of Zn was determined in those tissues localized centripetally from the endodermis, both in the cell layer immediately close to the endodermis (pericycle) and in cells inside the stele. Examples of areas of cell roots from where measurements were performed together with representative EDXMA spectra are shown on Fig. 1 . The relative Zn concentration found in root cells from the rhizodermis cell layer ("rhizodermis") to the central cylinder ("central cylinder") ( Fig. 1) was around 4-fold higher ( Table 2) . The greater Zn decrease occurred around endodermis, achieving a fifty percent decrease between the cortex Fig. 2 . Detail of the central part of the root of poplar P. × euramericana clone I-214 grown in hydroponics with developed Casparian bands (white arrow) (A). Cross section of the root of P. × euramericana clone I-214 grown in hydroponics with developed suberin lamellae; bar 100 µm (B). Casparian bands were stained with 0.2% Berberine hemisulphate and post-stained with 0.1% aniline blue and suberin lamellae were stained with 0.2% Fluorol Yellow 088 according to Brundrett et al. (1988) and Lux et al. (2005) , and observed in epifluorescence microscope, bar 100 µm. parenchyma cell layer adjacent to the endodermis ("innermost mesodermal cell layer") and the cell layer internally adjacent to the endodermis ("pericycle") (Table 2).
Development of apoplasmic barriers
The root structure of Populus × euramericana clone I-214 is typical for dicotyledonous plants. However, apoplasmic barriers are developed only in the endodermis (Figs 2A, B) . We observed that Zn influenced the development of apoplasmic barriers when compared with the control. The beginning of Casparian bands formation was closer to the root apex in Zn treatment when compared with control plants (Fig. 3) . Similarly, suberin lamellae started to develop at 38 mm from the root apex in control while this distance was more than 3.5 times shorter in Zn-treated roots. Fully developed suberin lamellae were documented at 28 mm from the apex in Zn-treated root; however, at the same distance only Casparian bands occurred in the control root (Fig. 3) .
Development of vascular tissues
The differences in the lignification of xylem elements have been observed between control and Zn-treated roots (Figs 4, 5) . Protoxylem elements lignified already a few millimeters beyond the root apex in Zn. This was followed by rapid lignification of metaxylem vessels already at four millimeters from the root apex. On the contrary, at the same distance no lignification of protoxylem elements was observed in control roots. While secondary xylem developed in Zn-treated roots approximately at 20 mm from the apex, at the same distance only metaxylem occurred in control roots. The distance of secondary xylem development was around 2.5 times Xylem vessels were visualized with phloroglucinol and hydrochloric acid. Bar 100 µm. Fig. 5 . Lignification of xylem vessels in root of poplar P. × euramericana clone I-214 grown in a hydroponic system with 1 µM Zn (control) and 1 mM Zn (zinc) for 3 weeks. Different regions can be observed in the root: a region in which protoxylem is lignified (broken red lines), a region in which metaxylem is lignified (solid red lines), and a region in which secondary xylem is present (solid purple lines).
farther from the root apex in control than in Zn-treated root (Figs 4, 5) .
Discussion
In the present study, we have observed that subepidermal cell layers of poplar (P. × euramericana clone I-214) adventitious roots did not form Casparian bands and suberin lamellae. It is known that subepidermal cell layers are variable and the development and maturation of these tissues vary within species and populations. In a study by Lux et al. (2004) , exodermis was identified in all studied willow clones, but with wide variations within one and the same clone. Also there is knowledge about variable differentiation of the subepidermal tissue layers, including exodermis, depending on environmental conditions (Lux et al. 2011 ).
In our experiments, differentiation of Casparian bands and development of suberin lamellae have been observed only in endodermal layer of adventitious roots. Therefore we suggest that in this hybrid poplar only endodermis serves as a barrier of apoplasmic transport of solutes in to the central cylinder. In Zn-treated roots both Casparian bands and suberin lamellae developed closer to the root apex when compared with the control roots. The acceleration of apoplasmic barriers development might be related with the strategy of poplar root to reduce the uptake and translocation of high amount of Zn into the aboveground part. Similar effect of other hazardous metals on root anatomy was observed in various plant species. When cadmium (Cd) was present in the medium, Casparian bands, as well as suberin lamellae, developed closer to the root apex in Karwinskia humboldtiana (Zelko & Lux 2004) and Silene dioica (Martinka & Lux 2004) . Similarly, enhanced suberinization in the endodermis was observed by Vaculík et al. (2009) in Cd-treated maize roots. In another study, Vaculík et al. (2012) found that both Casparian bands and suberin lamellae in exo-and endodermis of Salix caprea roots developed closer to the root apex in roots exposed to elevated Zn or Zn+Cd when compared with the control. However, they found differences between isolates from metal polluted and unpolluted sites, and proposed that apoplasmic barrier development is an adaptive trait and can vary between different isolates of the same species (Vaculík et al. 2012) . It is known that other environmental stresses might accelerate the development of exo-and endodermis (Enstone et al. 2002) . For example, apoplasmic barriers developed closer to the root apex in plants suffered by high salinity (Reinhardt & Rost 1995; Karahara et al. 2004; Krishnamurthy et al. 2009 ) and by drought stress (North & Nobel 1995) .
We found that excess of Zn led to the enhancement of lignification of xylem vessels in poplar roots. Similar effect was observed when plants were grown in medium containing increased level of Cd. For example, Schützendübel et al. (2001) found an accelerated lignification of protoxylem elements closer to the root apex in Scots pine, and Ďurčeková et al. (2007) reported premature xylogenesis in barley roots exposed to Cd. As previously observed for the suberinization of the endodermis, the development of xylem elements might be enhanced also by other environmental stresses. Increased contain of lignin was observed by Hashemi et al. (2010) in Brassica napus exposed to high salinity. We suppose that the increased content of lignin might be a kind of defense mechanism and premature xylogenesis is induced by the high amount of Zn in the rhizosphere.
As the fine roots bind heavy metals, they have a certain potential to immobilize the heavy metals. Using Cryo-SEM analysis to determine their localization permits to avoid ions redistribution within cells and among tissues (Frey 2007; Mc Cully et al. 2010) , so giving realistic results when X-ray microanalysis is applied to localize Zn in fine root cells. The highest amount of Zn was detected in the peripheral root tissues, especially in the rhizodermis. This is in agreement with previous observations. Di Baccio et al. (2009) observed that most of Zn taken up by the roots of I-214 was localized in the epidermis and cortex rather than in the stele. Also Brunner et al. (2008) detected Zn mainly in the cell walls of epidermal tissues in poplar and Norway spruce; and Vaculík et al. (2012) detected the highest amount of Zn in peripheral bark tissues of secondary thickened Salix caprea roots exposed to Zn excess.
Finally, we assume that poplar root responds to elevated amount of Zn in the rhizosphere by modified pattern of tissue development. The root of hybrid poplar P. × euramericana clone I-214 does not develop the exodermis; therefore the role of barrier for apoplasmic transport is fully assured by the endodermis. Casparian bands as well as suberin lamellae in endodermis developed closer to the root apex in roots exposed to elevated Zn when compared with the control. Together with the findings that most of Zn was predominantly localized in the peripheral root tissues than in the stele, we conclude that endodermis serves as efficient barrier for transport of excess Zn from the outer parts in to the stele of poplar roots.
